Laccase is a multicopper-containing enzyme that catalyzes the oxidation of phenolic compounds. lcc1 cDNA coding for a secretory laccase of Pycnoporus coccineus was expressed under the maltose inducible amyB promoter in Aspergillus oryzae and under the galactose inducible GAL10 promoter in Saccharomyces cerevisiae. Laccase activities, which were undetectable in the absence of copper, were observed by increasing copper concentrations in the media for both systems. The amounts of secreted laccase protein but not lcc1 mRNA increased in proportion to copper concentrations in A. oryzae. The extracellular activities of native A. oryzae amylase and recombinant RNase-T1 expressed from the same amyB promoter in A. oryzae were constant regardless of copper concentrations. Our results indicate that a high copper concentration is required for the production of active laccase in heterologous hosts and that the copper is required for a posttranscriptional process.
Heterologous protein expression systems have been developed in many host microorganisms. [1] [2] [3] [4] [5] Yeasts and fungi, including Saccharomyces cerevisiae, Pichia pastoris, Schizosaccharomyces pombe, Yarrowia lipolytica, Aspergillus oryzae, and Aspergillus nidulans, are potentially suitable hosts for heterologous expression, and vectors carrying various overexpression promoters and/ or leader sequences have been developed in order to achieve maximum production or secretion. However, there is a substantial number of proteins that are difficult to produce heterologously. Laccases (EC 1.10.3.2) isolated from white-rot fungi are examples. Laccase is a multicopper oxidase 6) and is of interest for biological bleaching of pulp 7) and detoxification of pollutants. 8, 9) White-rot fungi are good producers of laccases, and native production levels are high enough for purification and characterization. [10] [11] [12] [13] [14] In order to produce laccases heterologously in large quantities for industrial applications, laccase genomic DNA or cDNAs have been cloned and expressed using several expression promoters in hosts, including S. cerevisiae, [15] [16] [17] [18] [19] Trichoderma reesei, 20) P. pastoris, 15, [21] [22] [23] [24] and Aspergillus species, [25] [26] [27] [28] but extremely low production levels were reported in most cases. On the other hand, many other heterologous proteins have been efficiently produced in these hosts with the same expression systems. For example, P. pastoris produced over 1 g/l of bovine -lactoglobulin and 3 g/l of secreted human serum albumin using the AOX1 promoter, 1) but only 8 mg/l of Pycnoporus cinnabarinus laccase. 23) The lower protein production in heterologous hosts might be due to toxicity of the protein in the hosts, but for laccase this was not the case, because the expression of laccase did not negatively affect host growth. 25) Furthermore, low production was also observed when an inducible promoter was used instead of constitutive promoters to avoid such a situation. 22, 23) Therefore, there might be unknown difficulties in heterologous hosts for the expression of laccase.
To overcome the lower expression of laccase in heterologous hosts, several approaches have been attempted. Laccase production in heterologous hosts has been increased by lowering cultivation temperature, 17) replacement of a signal or a pre-pro sequence, 25) mutations in the laccase gene, 29) and the addition of copper. 16, 21, 24, 26) Of these parameters, copper was found to enhance laccase production in native hosts. 16, [30] [31] [32] [33] [34] In the A. nidulans expression system, Larrando et al. 26) reported that copper-reconstitutible apo-laccase of Ceriporiopsis subvermispora was secreted in the absence of copper, suggesting that copper was not required for the protein production process, but rather for the reconstitution of holo-enzyme. On the other hand, Uldschmid et al. 16) reported that intracellular copper concentration, which was artificially controlled by co-expression of copper trafficking transporters in an S. cerevisiae host, affected secreted laccase activity significantly. Thus, the role of copper in the production of laccase is not yet clear.
In this study, the effect of copper on laccase production was investigated with Pycnoporus coccineus y To whom correspondence should be addressed. Tel: +81-836-85-9293; Fax: +81-836-85-9201; E-mail: hoshida@yamaguchi-u.ac.jp (formerly Trametes sanguinea 15) ) laccase cDNA (lcc1) by expressing in A. oryzae and S. cerevisiae. Copper, but not other divalent cations, was necessary to obtain high levels of secreted laccase activity, while the production of other secretory enzymes, such as amylase and recombinant RNase-T1, was not affected by the addition of copper. These results suggest that a high copper concentration is required for the production of active laccase at a post-transcriptional step in heterologous hosts.
Materials and Methods
Strains and media. Saccharomyces cerevisiae W303-1A strain (MATa ura3-1 his3-11,15 leu2-3,112 trp1-1 ade2-1 can1-100) and Aspergillus oryzae M-2-3 auxotrophic mutant (argB À ) 35) were used as hosts for laccase production. A. oryzae transformed with RNase T1 cDNA was the kind gift of Dr. T. Fujii of the National Research Institute of Brewing. 36) S. cerevisiae cells were grown on YPD (1% yeast extract, 2% polypeptone, 2% glucose, and 2% agar) or synthetic drop-out medium (SD-Ura: 0.17% yeast nitrogen base without amino acids without ammonium sulfate, plus 0.5% ammonium sulfate, 2% glucose, and 2% agar supplemented with adenine sulfate, L-histidine HCl, L-tryptophan, L-leucine, and L-lysine). For expression of lcc1 in S. cerevisiae, glucose in SD-Ura was replaced with galactose (SGUra). The media used for A. oryzae were DP medium (2% dextrin, 1% polypeptone, 0.5% KH 2 PO 4 , 0.1% NaNO 3 , and 0.05% MgSO 4 . 7H 2 O) and CD medium (0.2% NaNO 3 , 0.1% K 2 HPO 4 , 0.05% MgSO 4 . 7H 2 O, 0.05% KCl, 0.001% FeSO 4 , and 3% sucrose). 37) Laccase assay plates was prepared by mixing copper and guaiacol (final 0.1%) with SG-Ura or DP media. Escherichia coli DH5 was used for plasmid construction.
Plasmid construction. Pycnoporus coccineus lcc1 cDNA was amplified by PCR with primers, Eco-lcc1: 5 0 -TGAATTCGACATGTCGAGGTTCCAGTC-3 0 and lcc1-Sal: 5 0 -ATAGTCGACTCAGAGATCGCTAGGG-3 0 (restriction sites are italicized), and pRCUP2-lcc1 plasmid 15) as a template. The PCR reaction was carried out with KOD Dash DNA polymerase (Toyobo, Osaka, Japan) according to the manufacturer's instructions. The amplified DNA fragment was digested with EcoRI and SalI and inserted into the EcoRI-SalI site located downstream of the GAL10 promoter of a yeast expression vector p316GAL 38) to form p316GALlcc1. For the expression of lcc1 cDNA in A. oryzae, lcc1 cDNA was amplified by PCR with the primer Eco-lcc1 and a counter primer, lcc1-Sma: 5 0 -AGGCCCGGGCC-GCTCAGAGATCGCTAGG-3 0 or AolccFL:
0 (SmaI site is italicized and FLAG-tag sequence is underlined). The AolccFL primer was used to construct a FLAG-tagged lcc1 gene. The amplified DNA fragments were digested with EcoRI and SmaI and inserted into the EcoRI-SmaI site of A. oryzae expression vector pTAex3 36) to form pTAex-lcc and pTAex-lccF for FLAG-tagged lcc1. These plasmids expressed lcc1 under the control of amyB promoter. 39) DNA sequences of PCR amplified lcc1 and FLAGtagged lcc1 genes were confirmed by capillary sequencing.
Transformation. Saccharomyces cerevisiae was transformed by a simple lithium acetate method. 40) Briefly, yeast cells were grown on a YPD plate, suspended in 50 ml of one-step buffer, and incubated at 42 C for 1 h. The suspension was spread on SD-Ura plates.
Aspergillus oryzae was transformed according to the protocol described in Gomi et al. 35) Spheroplasts were prepared by incubating 2-d grown mycelia in cell wall lytic solution (10 mM phosphate buffer pH 6.0, 0.8 M NaCl, 5 mg/ml Yatalase (Takara Bio, Otsu) and 5 mg/ ml Cellulase Onozuka R-10 (Yakult Pharmaceutical, Tokyo) at 30 C for 3 hr. Spheroplasts (3:3 Â 10 7 cells) were mixed with 20 mg plasmid DNA and transformants were selected on CD plates.
Enzyme assays. For enzyme production, A. oryzae was grown in 100 ml of DP medium containing various concentrations of CuSO 4 in 300 ml conical flasks at 120 rpm on a rotary shaker at 28 C. For measurement of laccase activity, 100 ml of culture filtrate of A. oryzae transformant was mixed with 1.35 ml of 10 mM sodium acetate buffer (pH 5.0) and 50 ml of 1 M N 0 ,N 0 -dimethylphenylendiamine (DMP), and the recording of absorbance change at 550 nm was started immediately. The oxidation of 1 mmol DMP per minute was defined as 1 unit (" ¼ 3000). To detect laccase activity in cell extract, reaction was carried in 10 mM sodium acetate buffer (pH 5.0) and 1 mM 2,2 0 -azinobis-(3-ethylbenzthiazoline-6-sulfonate) (ABTS) at 28 C for 24 h. To analyze the effect of copper addition to culture filtrate in vitro, copper (final concentration, 1 mM) was mixed with culture filtrates and incubated at 30 C for 20 min, and then laccase activities were measured. For measurement of amylase activity, the culture filtrates were diluted 200-fold and 100 ml of the diluted filtrates were mixed in a total 1 ml of reaction mixture containing McIlvain buffer (pH 6.0) and 0.22% starch. The reaction mixture was incubated at 37 C. One hundred micro liter aliquots of the reaction mixture were taken and mixed with 4 ml of I 2 /KI solution (25 mM acetic acid, 0.0075% I 2 , and 0.075% KI) to stop the reaction, and the absorbance at 660 nm was measured. One unit activity was defined as one absorbance change at 660 nm per minute. RNase T1 activity was measured as described in Imazawa et al.
41)
The culture filtrate of A. oryzae was diluted 200-fold and 67 ml of diluted enzyme solution was mixed in a total 1 ml of reaction mixture containing 40 mM sodium acetate buffer (pH 5.5) and 50 mM guanylil (3 0 -5 0 ) cytidine (GpC). The absorbance change at 280 nm caused by degradation of GpC was recorded. One unit was defined as the degradation of 1 mmol of GpC per 1 minute (" ¼ 12600).
SDS-PAGE and western blotting. SDS-PAGE and western blotting were carried out using the Mini-Protian 3 system (Bio-Rad Laboratories, Hercules, CA). Culture filtrates were concentrated 50-fold with a Microcon YM-30 centrifugal filter device (Millipore, Bedford, MA) and denatured by mixing in 50 mM Tris-HCl (pH 8.5), 2% (W/V) SDS, 50 mM dithiothreitol, 12% (W/V) glycerol, and 0.01% (W/V) bromophenol blue. After SDS-PAGE (12% gel), proteins were transferred onto the ImmobilonÔ PVDF membrane (Millipore). AntiFlag Ò antibody (Sigma, St. Louis, MO) and alkaline phosphatase conjugated anti rabbit IgG (New England Biolabs, Beverly, MA) were used for detection. To detect laccase activity in SDS-PAGE gels, the gels were fixed in 10% acetic acid and 40% methanol for 10 min, followed by incubation in 10 mM sodium acetate buffer (pH 5.0) and 5 mM ABTS for color development. Cell extract was prepared as in Tada et al.
39)
RNA extraction and northern blot analysis. Total RNAs of A. oryzae were extracted from 4-d grown mycelia grown in copper concentrations, as described in Hoshida et al., 15) and mRNAs were purified from total RNAs using OligotexÔ-dT30 hSuperi mRNA purification Kit (Takara Bio). RNA samples were separated on a formamide-agarose gel and transferred to Hybond-N þ (Amersham Bioscience, Piscataway, NJ). As DNA probes, full-length of lcc1 cDNA and TAA cDNA were amplified by PCR from p316GALlcc1 and pPBH1-TAA 42) respectively, and labeled with Gene ImageÔ Random Prime Labelling Module (Amersham Bioscience). The hybridization signals were detected using the Gene ImageÔ CDP-StarÔ detection module (Amersham Bioscience).
Results
Copper affected heterologous laccase expression in yeast and fungal hosts
In our previous study, copper was required to detect activity of a recombinant laccase from P. coccineus in P. pastoris with a methanol-inducible expression system. 15) To determine whether copper is required for the production of the recombinant laccase in different hosts, lcc1 cDNA was expressed under the control of the inducible promoters GAL10 in S. cerevisiae and amyB in A. oryzae. Transformants were grown on agar plates containing guaiacol and various concentrations of copper (Fig. 1) . Transformants of S. cerevisiae did not show any laccase activity in the absence of copper on galactose plates, but with increasing copper concentration, laccase activities were detected, and they reached maximum level at 0.1 mM Cu 2þ (Fig. 1A) . The laccase activity expressed by A. oryzae was also increased with increasing the copper concentrations in DP media (Fig. 1B) . Laccase production is known to be affected by divalent metal ions in basidiomycetes. [30] [31] [32] The effects of other metal ions were examined in the A. oryzae expression system. In the presence of Mg 2þ , Ca 2þ , Mn 2þ , Co 2þ , or Zn 2þ at a concentration of 0.5 or 2.0 mM, laccase activity did not increase (Fig. 1C) compared to the condition without copper addition (Fig. 1B, 0 mM) . These metal ions did not show any growth inhibitory effect at the concentrations used. Therefore, the copper ion is specifically required for active laccase production in A. oryzae. To quantify laccase activity, A. oryzae transformants were cultured in liquid medium containing various copper concentrations. In the cultures, laccase activities were detected from day 5 and increased until day 7 (Fig. 2) . The activities were correlated with the copper concentrations. Secreted laccase activity reached a maximum of 3.0 U/ml at 1 mM copper.
Cu
2þ -dependent laccase protein production To investigate whether copper is required to form active laccase after apoprotein secretion, cell-free filtrates were prepared from cultures containing various concentrations of copper and incubated with 1 mM copper at 30 C for 20 min. The addition of copper did not enhance the laccase activities of the culture filtrates (Table 1) . Even when 10-fold culture filtrates were used, laccase activity was not enhanced (data not shown). These results suggest that secreted apo-laccase was not present in the culture filtrates. The levels of secreted laccase protein were analyzed by FLAG-tagged lcc1 (see ''Materials and Methods''). The activity of FLAGtagged lcc1 also increased in a Cu 2þ -dependent manner (Fig. 1B) . Western blotting analysis of the culture filtrates at higher copper concentrations showed intense bands of about 38 kDa (Fig. 3A) . But the expected size from the FLAG-tagged lcc1 sequence was 57 kDa. When an electrophoresis sample was denatured with boiling, a band appeared at about 63 kDa (Fig. 3B) . On a zymogram, activity of native laccase from P. coccineus was detected at a significantly lower position than recombinant laccase (Fig. 3C ). This suggests that the recombinant laccase from A. oryzae is hyper-glycosylated. Considering these results, the 38-kDa band was laccase that was not denatured completely under our conditions. Therefore, the amounts of laccase protein increased with increasing copper concentrations in the culture media, indicating that only the active form of laccase was secreted. Laccase activities in the cell extracts are shown in Fig. 4 . On the zymogram, a single band appeared as in culture filtrate and the activities from the 0 to 1 mM-copper condition were lower than 0.1 U/ml. An assay with 1 mM ABTS showed that copper addition increased laccase activity in the cells but the increased levels were little over 0.1 mM. These results indicate that copper supports correct folding and assembly of laccase in the cell and is required to produce extracellular active laccase. To test the possibility that copper affected protein secretion or the expression of amyB promoter, two secretory enzyme activities were examined at various copper concentrations. The activities of native amylase, which contains several isozymes, 43) and a recombinant RNase T1 expressed under control of amyB promoter, 36) were measured (Fig. 5) . The amylase and RNase T1 activities were not affected by the addition of copper to the culture medium. To determine the effect of copper on lcc1 transcription, mRNAs from mycelia grown under 0, 0.1, and 0.5 mM copper conditions were analyzed. Figure 6A shows that the accumulation level of TAA mRNA was not affected by higher copper concentrations. When purified mRNAs were separated on the gel, the amounts of lcc1 tran- A. oryzae expressing FLAG-tagged lcc1 was used. A, Concentrated culture filtrates from several copper conditions as indicated, were analyzed by western blotting using anti-FLAG antibody. Vector and AS indicate A. oryzae transformant of pTAex3 vector and activity stained gel respectively. B, Western blotting of culture filtrate denatured with (þ) and without (À) boiling. C, Zymogram of recombinant (rec.) and purified native laccases.
scripts corresponded to those of TAA under the copper conditions used (Fig. 6B) . This indicates that the increase in laccase production under a higher copper condition is not due to the increase in lcc1 mRNA.
Discussion
Heterologous production of laccase is usually very low compared to the expression levels of native laccase producers. It is well known that laccase-producing fungi have multiple laccase genes. 44, 45) However, the number of laccase genes is not likely to be the cause of the difference between native fungi and heterologously expressing hosts, because strong promoters were used in the heterologous systems. In this study we found that efficient production of correctly folded and assembled laccase in A. oryzae requires a high concentration of copper. Even though several papers have reported that copper enhances laccase expression in heterologous hosts, 16, 21, 24, 26) we show here for the first time, to our knowledge, that the copper requirement is specific to laccase and that copper is necessary for correct folding and assembly of laccase at the post-transcriptional step.
In native producers, laccase activities were also increased by the addition of copper. [30] [31] [32] However, the activities were highly correlated with the transcriptional level of laccase genes, [46] [47] [48] and metal responsive elements were found in the upstream regions of laccase genes in fungal genomes. 45, 48) This indicates that the effect of copper in native producers involves transcriptional regulation. This situation might veil the effect of copper on laccase production at the post-transcriptional level. But the A. oryzae expression system clearly negated the transcriptional regulation of lcc1 by copper, and this suggests that a higher copper concentration is required for correct folding and assembly during the post-transcriptional production process. In addition, the activities of other secretory enzymes were not enhanced by the addition of copper, indicating that copper did not enhance the secretion process. Therefore, the specific requirement of copper for laccase production in the A. oryzae expression system suggests that laccase requires a specific environment to correctly fold and assemble during the secretion process. Activities are shown in international units except for amylase. The definition of amylase activity is described in ''Materials and Methods''. Amylase activity was measured using the culture supernatant from A. oryzae expressing FLAG-tagged lcc1. Culture filtrates grown for 7 d were used. Bars: black, laccase; hatched, amylase; white, RNase-T1. 1V, A. oryzae vector transformant grown in 1 mM copper. A, Two micro-grams of total RNAs extracted from 4-d grown A. oryzae transformed with pTAex3 was separated in a denaturing gel. B, mRNAs obtained from A. oryzae expressing FLAG-tagged lcc1 were separated and detected using TAA and lcc1 probes.
In S. cerevisiae, conserved ATX1 and CCC2 genes are involved in copper trafficking into Golgi in the secretory pathway. 49) Overexpression of the copper-trafficking genes tahA and ctaA, which are structurally and functionally homologous to yeast ATX1 and CCC2, from Trametes versicolor in S. cerevisiae enhanced laccase activities up to 15-fold. 16) This activity was still much lower than in the native producers. It is important to measure copper concentrations in the ER and Golgi of native producers and heterologous expression hosts if the copper concentration in these organelles is a cause of the difference between the native producers and expression hosts. Prohaska et al. reported that both the activity and protein of copper, zinc-superoxide dismutase but not mRNA were lower under a copper-deficient condition. 50) This suggests that copper concentration is one of the important factors for efficient production of copper containing enzymes. Copper is usually toxic to cells, and the growth of native laccase producers is inhibited at copper concentrations greater than 0.2-1.5 mM in the culture medium. 30, 32, 34) Thus, native producers are not much more tolerant to copper than the expression hosts. Therefore, it is possible that native laccase producers possess active laccase folding machinery that might not be present in heterologous hosts. During the heterologous expression of laccase or other similar poorly expressed proteins, the protein folding process should be investigated in order to achieve maximum expression of these proteins.
Western blotting analysis of laccase revealed that only the active form of laccase is secreted from A. oryzae. Misfolded proteins are known to be targeted from ER or Golgi to proteasome or vaculoles for degradation. [51] [52] [53] The quality control mechanisms to sort unfolded proteins for degradation works in the heterologous hosts. Misfolded laccase apoprotein might be formed under copper deficient conditions and degraded. Contrary to our result, Aspergillus nidulans transformed with a laccase cDNA from C. subvermispora secreted apo-laccase protein that could be reconstituted with copper. 29) The extent of homology of the deduced amino acid sequence of the C. subvermispora laccase with P. coccineus lcc1 is 64%. This is significantly lower than that of other fungal laccases when aligned with the lcc1.
15) The laccase of C. subvermispora might be able to form a proper apoprotein structure without copper and be secreted extracellularly. It would be interesting to know whether heterologous expression of C. subvermispora laccase in A. oryzae results in apoprotein production. Such experiments ought to reveal whether the protein quality control mechanism is controlled by the host factors or the protein sequences.
As shown here, laccase expression in heterologous hosts is a good model to examine the protein quality control mechanism. We are now focusing on identifying the host factors for the production and degradation of laccase in yeast and are screening several mutants that produced laccase efficiently.
